The effects of variations in carbohydrate and fat intake and body position on behavioral activity states were evaluated in 64 healthy, growing low birth weight infants (birth weight, 750 -1600 g). The infants, enrolled in a prospective, randomized, double-blind, controlled study of effects of quality of dietary energy, were fed one of the five formulas. These formulas contained fixed intakes of protein (4 g/kg per day) but different intakes of carbohydrate (9.1 to 20.4 g/kg per day) and fat (4.3 to 9.5 g/kg per day). Six-hour daytime sleep studies were performed at 2-wk intervals from time of full enteral intake until discharge (mean postconceptional age at first study, 33.2 Ϯ 1.8 wk). Infants were randomly assigned to the prone or supine position for the first 3-h postprandial period; the position was reversed during the second 3 h. Behavioral activity state, i.e. quiet sleep (QS), active sleep, indeterminate sleep, awake, or crying was coded each minute throughout the postprandial period. The overall incidence of QS was almost double in the prone position versus the supine (p Ͻ 0.0001). In contrast, the probability of being in either of the two wakeful states (awake and crying) was increased when infants were placed in supine position (p Ͻ 0.0001). Increased likelihood of being in QS while prone was found only during the 30 min after and before feeding in a 150-min prandial cycle. In contrast, increased amounts of awake and crying in supine position were observed throughout the feeding interval. As carbohydrate intake increased, time spent in QS in supine position increased (from 8.6% to 12.5%, p Ͻ 0.02), and a trend in the same direction was noted for the prone position (p ϭ 0.06). However, during postprandial minutes 10 -100, when QS is likely to be entrained by the nutrient intake, enhancement of QS was found in the prone position only (p Ͻ 0.02). Carbohydrate intake influences the total time spent and the distribution of behavioral activity states within the postprandial period in low birth weight infants. The effect of nutrient intake on sleep profile is dependent on body position and time after feed. Mechanistic hypotheses relating sudden infant death syndrome to sleeping position may need to take these observations into account. SIDS is the major cause of death in infants 1 to 12 mo of age, and accounts for nearly 30% of deaths during the postneonatal period (1). However, physiologic mechanisms that underlie this syndrome remain unknown. Nearly all clinical information regarding SIDS is based on retrospective data derived from the general population. Although accurate, prospective identification of individual infants who are likely to succumb is not yet possible, several risk factors associated with this syndrome have been identified. Among these factors, LBW associated with premature delivery stands out as one of the important factors (2-4). This finding suggests that systematic studies in LBW infants might provide key information concerning the physiologic disturbance that underlies SIDS.
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During the last several years there is growing evidence that body position during sleep is related to the incidence of SIDS (5) (6) (7) (8) (9) . In 1992, after review by the National Institute of Child Health and Human Development of the international evidence, the American Academy of Pediatrics Task Force on Infant Positioning and SIDS recommended that healthy term infants be positioned on their side or back when put down to sleep (10). After publication of these guidelines, the prevalence of infants placed in the prone position declined by 66% between 1992 and 1996 in the United States, and although causality cannot be proved, SIDS rates also declined approximately 38% during this period (11) . This convincing association between sleeping position and susceptibility to SIDS and the known benefits of improved ventilation and lung mechanics in prone positioning in LBW infants (12) (13) (14) (15) (16) have led to renewed interest in the physiologic effects of body positioning. In previous studies of preterm (17, 18) , term (19 -21) , and older infants (22) , it was observed that in the prone position infants spent more time in QS and less time AW. However, sleep states can be affected by many other factors such as time after feeding and the quality of the diet. In normal term infants studied repeatedly from 1 wk to 6 mo of age, Harper and colleagues (23) noted that the sequence and cyclicity of AS followed by QS was more predictable after feeding than after nonfeeding periods of wakefulness. From these findings, it was suggested that feeding serves to reset mechanisms that regulate the timing of sleep-state cycles. This observation was supported by reports that the prone sleeping position is associated with a 79% increase in QS and a 71% decrease in time AW, and the decreases in time AW are found throughout the interfeed interval, whereas increases in QS are found only within the first hour and again near the end of the interfeed interval (18) . Also, data from our laboratory indicate that LBW infants receiving high protein intakes and gaining weight rapidly spent significantly more time in AS (24) . Taken together, these observations suggest that both the amount and quality of the diet and the time after feeding interact with body position during sleep to alter behavior and physiology during the postprandial period. This investigation was designed to test the hypotheses that the effect of body position on the behavioral activity states is dependent on the quantity of nonprotein energy intake and that the effects of energy intake vary with the time after feeding.
METHODS
Study population. The study population consisted of 64 healthy, growing LBW infants (BW, 750 -1600 g), ranging from 26 to 37 wk in gestational age, all of whom were enrolled in a prospective, double-blind, controlled study of effects of quality of dietary energy on rate and composition of weight gain. The studies were approved by the Institutional Review Board, and written consent was obtained from the parents of all infants. All infants were nursed in room air, were free of apnea of prematurity, and were receiving no cardiac or respiratory medications. None had sonographic evidence of CNS pathologic disease at the time of the studies. The characteristics of the infants are shown in Table 1 .
Dietary intake. Infants were prospectively fed one of five specially made experimental formulas. All formulas were designed to provide protein intakes of 4 g/kg per day when fed at 180 mL/kg per day. Formulas 1, 3, and 4 were designed to provide 130 kcal/kg per day when fed at the same volume. The CHO and fat contents of the formulas were varied to provide 35% of the nonprotein energy as CHO in formula 1, 50% of the nonprotein energy in formula 3, and 65% in formula 4. Formulas 2 and 5 were designed to provide higher energy intakes of 155 kcal/kg per day when fed at 180 mL/kg per day, with nonprotein energy as 35% and 65% from CHO, respectively (Table 1) .
Experimental design. The infants were studied in the Infant Physiology Laboratory at Children's Hospital of New York. Six-hour daytime sleep studies were performed at 2-wk intervals, beginning when the infant reached full enteral intake of 180 mL/kg per day and continuing until discharge. The mean postconceptional age at the time of first and second studies were 33.2 Ϯ 1.8 and 35.0 Ϯ 1.5 wk, respectively. The postnatal ages were 21.7 Ϯ 11.5 and 35.8 Ϯ 10.5 d, respectively. Each study comprised two sequential 3-h periods of observation interrupted by a feeding period. Infants were randomly assigned to the supine or prone position for the first 3-h epoch; the position was then reversed in the second 3-h epoch. They remained in their assigned positions throughout the interfeed period, and no further manipulations were performed. 
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Experimental protocol. Infants were brought to the laboratory adjacent to the nursery at approximately 0730, at which time electrodes for recording ECG, impedance respiration, EEG, and body temperature were attached and linked to an analog to digital converter. Continuous digital records were logged to a microcomputer. Infants were then placed in a radiantly warmed, clear plastic incubator in which ambient temperature was monitored, and were maintained under thermoneutral conditions. No physical constraints such as swaddling were used during the study period. Studies began after the 0800 feeding and continued until the 1400 feeding. The studies were interrupted for the 1100 feeding, after which sleeping position was changed. The volume and composition of the two feeds were identical. Sleep state coding began approximately 10 min after the 0800 feeding, continued until the 1100 feeding, resumed after the 1100 feeding, and terminated before the 1400 feeding. Behavior codes were assigned for approximately 6 consecutive h by one of the three investigators, who coded behavioral state once each minute, using a scoring system developed and validated in our laboratory (25) .
Coding of behavioral state. Briefly, AS was coded whenever at least one rapid eye movement was observed during the minute. In addition to small body movements typical of AS, movements of whole extremities and the torso were found in this state. Stretching, yawning, whimpering, sucking, and grimacing were also present occasionally. QS was designated when the infant was asleep without rapid eye movements. During QS the infant was relaxed and appeared "rag-doll" floppy; movements were limited to startles and nonnutritive sucking or jaw jerks. IND was coded when small body movements were observed, without rapid eye movements. Codes were also assigned for minutes in which infant appeared to be AW, when they were crying or fussing (CRY), and for feeding periods.
Data analysis. A total of 300 min of data were analyzed for each study, i.e. from 10 to 160 min after completion of feeding in each sleeping position. The timing of the completion of the feeding was noted precisely. Minute-by-minute state codes for all individual studies were aligned to the time after feeding, and the percentage of the study population assigned to each state at each postprandial minute was computed for both prone and supine positions. Two studies from each patient, separated by 2 wk, were included in the calculation of these minute-byminute percentages, one beginning in the prone position and one in the supine, thus each infant contributed twice to each of these percentages. Mean state percentages in prone and supine position for the total study period were compared using paired t test.
The effects of body position and time after feed on state distribution were evaluated by comparing the probability of being in a particular behavioral state during prone and supine positions for every postprandial minute, using 2 analysis. Mean probabilities of being in a particular state for each diet group were calculated from the individual studies. The effects of diet on overall sleep distribution and the specific effect of body position, i.e. prone and supine, were compared at various CHO and fat intakes using ANOVA. With CHO and fat intakes as independent factors, a one-way ANOVA was conducted for each behavioral state. Similar analyses were performed for position-specific behavioral state with different dietary intakes. When ANOVA was significant (p Ͻ 0.05), post hoc paired t tests were performed to elucidate the nature of these interactions.
Finally, to examine the influence of possible interactions between the quality of the diet and the sleeping position on the temporal organization of the sleep cycle, we focused on the immediate postfeeding interval, i.e. minutes 10 to 100. On visual inspection of the ensemble plots of the groups' mean percentages of QS and AS versus time after feeding, the diet groups appeared to vary in both the overall distribution and the peak incidence of both QS and AS. Three-minute moving averages of the probabilities of being in AS and QS were computed for each diet group for each position. The peak incidence for each group, i.e. the maximum likelihood of being in a particular state during the postprandial period, and the average incidence during this postprandial period in prone and supine position were then related to mean group CHO intakes using simple linear regression.
RESULTS

Effects of posture on state distribution.
The overall percent distribution of sleep-wake states for both sleeping positions was that expected for a population of LBW infants (17, 20) . The vast majority of minutes were coded as AS (71.6%), followed by QS (14.9%), AW (5.7%), IND (4.4%), and CRY (3.4%). With respect to sleeping position three significant differences in state distribution were observed, as shown in Table 2 . The probabilities of being in states AW and CRY were both significantly increased (p Ͻ 0.0001) when infants were placed in supine position. In contrast, the probability of QS almost doubled in the prone position (p Ͻ 0.0001). The probabilities of being in IND and AS were not significantly different between the two positions.
Effects of posture and time after feed on state distribution. The probabilities of being in QS and AS during the postpran- dial period are summarized in the plots in Figure 1 . Bolus feeding appeared to entrain the cyclic changes in sleep states. The peak incidence in QS occurred roughly 45 min after the feeding, and this postprandial entrainment appeared to be more prominent when the infant was placed in the prone position. These position-related differences in QS were significant during two periods in the prandial cycle, 2 range, 5.6 -9.7; all p Ͻ 0.01). In contrast, the decreased probability of occurrence of nonsleep states (AW and CRY) during prone positioning was distributed throughout the postprandial period and did not show any such temporal pattern.
Effects of quality of diet and posture on state distribution. As summarized in Table 3 , the probability of being in QS increased significantly as CHO intake increased (F ϭ 5.3; p Ͻ 0.02), whereas the AS and nonsleep states, i.e. AW and CRY, showed no trends. Post hoc tests demonstrated that this QS distribution interaction was attributed to CHO intakes of 9.1 g/kg per day and 20.4 g/kg per day. Also, as CHO intake increased, mean time spent in QS during supine position increased (from 8.6% to 12.5%; F ϭ 13.3; p Ͻ 0.02), and a strong trend in the same direction was noted for the prone position (F ϭ 8.7; p ϭ 0.06) ( Table 4) . No significant interaction of this QS-enhancing effect of CHO intake was observed in different sleeping positions (F ϭ 1.6). No significant differences in sleep state distribution were observed at different fat intakes.
Effects of diet, posture, and time after feeding on state distribution. As shown in Figure 2 , during the postfeeding period (minutes 10 -100), in the prone position, the maximum likelihood of being in QS, i.e. peak QS during the postprandial period, correlated significantly with CHO intake (Peak QS ϭ 1.8 ϫ CHO intake ϩ 36.5; p Ͻ 0.005; r 2 ϭ 0.95). Similarly, in the prone position, during the postfeeding period (minutes 10 -100), the average incidence of QS also correlated significantly with CHO intake (Mean QS ϭ 0.44 ϫ CHO intake ϩ 18.4; p Ͻ 0.02; r 2 ϭ 0.80; Fig. 3 ). This relationship was not distinguishable in the supine position. Similar analyses for other behavioral states showed no such interactions with quality of diet and posture during the postprandial period.
DISCUSSION
The results of this study are consistent with earlier observations from several laboratories, including our own, that sleep architecture and state organization are altered by body position and time after feeding (17) (18) (19) (20) (21) (22) (23) (24) . The data from these studies indicate that another experimental covariate, the absolute amount of nonprotein energy, also influences the effects of the prandial cycle on sleep organization. Increasing absolute CHO intakes, at constant protein intakes, is associated with increased amounts of QS during the interfeed interval. In addition, in the prone position, CHO intake correlates positively with the peak and the average incidence of QS during the postprandial period. Interestingly, the likelihood of QS occurring in the absorptive period is increased with increased CHO intake, and this trend is found during both time periods when QS is most likely to occur. The effect of CHO could be characterized as an amplification of underlying postprandial cyclicity of QS and AS.
The effects of diet on overall sleep distribution reinforce results reported for LBW infants (17, 18) and healthy newborns (19 -21) . It remains unclear why body position leads to differences in sleep architecture. It has been proposed that in the prone position there is an increase in arousal threshold to both internal (e.g. gastroesophageal reflux) and external (e.g. sound) stimuli (19, 22, 26) . Some have noted no change in arousal related to body position (27) . The relationships among arousal threshold (awakening), time spent awake, and body position are unclear, and likely complex and interactive. It may be that in the prone position the sleep is "deeper" and the arousal threshold to move from sleep to a state of wakefulness is increased. Conversely, the increased time spent in QS in the prone position may decrease awakening through its suppression of AS, which is the state from which most arousals occur during the first 6 mo (28). On the other hand, because awakenings are more likely to be followed by AS than QS (23, 28) , increases in awakenings in the supine position may indirectly lead to decreases in the amount of QS. We did not characterize the effects of diet or position on arousal threshold (awakening), although time spent AW in supine position was greater than in the prone position.
The effects of quality of nonprotein energy on QS were found most clearly in the absorptive period, i.e. during the beginning of the interfeed interval. Also, there was no significant change in the amount of AS in relation to body position. These observations suggest that the decreases in QS in supine position may not solely be related to more frequent arousals; other factors such as feeding and quality of diet may play a role. Feeding can serve as entraining stimulus for sleep cycles in infants. As shown by others (23) , our data indicate that the peak probability of QS is at approximately 45 min after feeding, with the second peak approximately 1 h later. These results suggest two peaks in the incidence of QS during the interfeed interval, one within the second half-hour after feeding and the second near the end of the interfeed interval. This pattern is most distinct when infants are in the prone position. Thus, body position seems to modulate the effects of feeding on activity.
The traditional assumption that healthy infants at rest are in a relatively steady-state with respect to physiology and behavior is an oversimplification (29, 30) . At any point in time after feeding, depending on body position and the amount and quality of the feed, many physiologic measurements will differ. During the absorptive period, as nutrients are transported, absorbed, metabolized, or stored, the infant (particularly the growing infant) expends more energy. This increment in energy expenditure, known as diet-induced thermogenesis, and the thermic effect of feeding or specific dynamic action varies with macronutrient intake. Parallel changes in heart rate, respiratory rate, temperature, and RQ (29) are noted during this period.
Less well-defined are the temporal profiles of the accompanying biochemical effects of bolus feedings, i.e. the phasic increases in circulating levels of glucose, amino acids, lipids, and their metabolites, humoral mediators of anabolic activity, changes in acid base status, etc. It is reasonable to hypothesize that variations in the biochemical and physiologic interactions in response to feeding might influence sleep architecture in newborn infants. Brain serotonin content has been related to the flux of tryptophan across the blood-brain barrier, which in turn is related to the plasma concentration of tryptophan relative to the other large neutral amino acids. Because insulin promotes the utilization of all large neutral amino acids except tryptophan, the relative concentration of tryptophan increases
